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Abstract We study the discovery potential of down
type iso-singlet quarks, D, predicted by the E6 GUT
model in the pp→ DD¯ → ZZdd¯→ `+`−`+`−dd¯ chan-
nel at the HL-LHC and FCC-hh colliders. The analy-
sis is performed using a high level analysis description
language and its runtime interpreter. The study shows
that, using solely this channel, HL-LHC can discover D
quarks up to a mass of 710 GeV whereas FCC-hh up
to 2430 GeV with data collected in their complete run
periods.
Keywords Isosinglet quarks · FCC-hh · HL-LHC ·
CutLang
1 Introduction
The long-awaited discovery of the Higgs boson at the
LHC experiments [1] in the year 2012 completed the
experimental validation of the standard model (SM).
However, there are some well known issues that are not
addressed by the SM, such as the mass hierarchy prob-
lem, the unification of the fundamental interactions, the
origin of the baryon asymmetry of the Universe, and a
plausible explanation for dark matter. To address these
issues, SM is proposed to be extended into a more com-
plete theory. In general, candidate extensions predict
the existence of new fundamental particles and interac-
tions. The Large Hadron Collider (LHC) experiments
are conducting a great diversity of searches for discov-
ering these new particles and interactions. Results of all
these searches so far have been found to be consistent
with SM predictions. The forthcoming High Luminosity
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Large Hadron Collider (HL-LHC) and Future Circular
Collider (FCC) machines, with their higher luminosity,
energy and better detector acceptance and efficiency,
will increase the sensitivity of these searches, and ex-
pand them to more difficult scenarios, enabling access
to higher particle masses and lower effective cross sec-
tions.
One class of candidate extensions to the SM consists
of Grand Unified Theories (GUTs) based on a gauge
group larger than that of the SM. The GUT models
merge strong and electroweak interactions in a single
gauge group, thereby allowing a solution to at least
two of the above mentioned problems, namely, the com-
plete unification of the fundamental interactions (ex-
cept gravity) and the baryon asymmetry of the observed
Universe. Specifically, when unifying gravity with other
interactions both within the contexts of the superstring
and supergravity theories, the exceptional Lie group E6
has been shown to be the gauge symmetry group which
can be compactified from 10 (or 11) dimensions down
to the 3 + 1 that we observe [2].
The GUT model using the Exceptional Lie Group
E6 as the gauge symmetry group is referred to as the
E6 model. It predicts the existence of iso-singlet quarks
(in literature, denoted by D,S, and B) having charge
Q = −1/3. The discovery potential of the ATLAS ex-
periment for the down type iso-singlet quark D of the
first SM family has been previously investigated in [3,4].
The discovery reach for D quarks were estimated at a
phenomenology study before the LHC data taking to
be 950 GeV for 100 fb−1 integrated luminosity using
the combination of all D decay channels [4].
Dedicated searches for iso-singlet quarks are cur-
rently ongoing at the LHC. In the meanwhile, the clos-
est estimation of limits come from vector-like quark
searches, which have similar production mechanisms.
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2For the case of coupling to light generations only, the
imposed limit on the heavy quark is, m > 845 GeV
from a search for singly-produced vector-like quark res-
onance based on the 1- or 2-lepton plus jets channel [5].
In this work, we study the possibility of observing
the pair production of first generation down type iso-
singlet quarks D, in the decay channel D → Zd →
`+`−d (where ` = e, µ) using the 4 leptons plus 2 jets
final state at the HL-LHC and the proton-proton sce-
nario for the FCC. Due to its low effective cross section,
this process is difficult to explore at the current LHC
conditions. With their higher luminosity, energy and de-
tector acceptances, HL-LHC and FCC are expected to
significantly improve sensitivity in this channel. Despite
its low effective cross section, exploring this channel is
critical, as it would provide the most precise reconstruc-
tion of the D quark mass.
Additionally, this work aims to test the feasibility
of a new and practical analysis writing approach for
high energy physics. The search method in this study
is implemented and performed using an analysis de-
scription language and its runtime interpreter CutLang,
which allows quick analysis prototyping and histogram-
ming [6, 7].
This paper starts by introducing the down-type iso-
singlet quark model in Section 2 followed by a descrip-
tion of the HL-LHC and FCC colliders and relevant
experimental conditions in Section 3, and the analysis
description language and runtime interpreter CutLang
in Section 4. Detailed explaination of the search for D
quarks and the search results are presented in Section 5
followed by the conclusions in Section 6.
2 Down-type iso-singlet quark model
If the group structure of the SM, SUC(3)× SUW (2)×
UY (1), originates from the breaking of the E6 group
at the GUT scale, then the quark sector of the SM is
extended by the addition of an iso-singlet quark per
family as:(
uL
dL
)
, uR, dR, DL, DR; (1)(
cL
sL
)
, cR, sR, SL, SR;(
tL
bL
)
, tR, bR, BL, BR.
In the considered model, the S and B quarks are as-
sumed to be heavy and decoupled from the spectrum,
leaving theD quark as the only one accessible for searches
at the present and near future colliders. A second as-
sumption, following from the general behavior of CKM
(Cabibbo, Kobayasi, Maskawa), is that mixing inside a
given family is stronger compared to mixing between
different families. Therefore, we only consider the La-
grangian relevant for the weak interaction of d and D
quarks as given in [8]:
LD =
√
4piαem
2
√
2 sin θW
[
u¯θγα(1− γ5)d cosφ
+ u¯θγα(1− γ5)D sinφ
]
Wα
−
√
4piαem
4 sin θW
[
sinφ cosφ
cos θW
d¯γα(1− γ5)D
]
Zα
−
√
4piαem
4 cos θW sin θW
× [D¯γα(4 sin2 θW − 3 sin2 φ(1− γ5))D
+ d¯γα(4 sin
2 θW − 3 sin2 φ(1− γ5))d
]
Zα + h.c.,
(2)
where the superscript θ represents the usual CKM mix-
ings taken to be in the up sector for simplicity of calcu-
lation, θW is the weak mixing angle and φ is the mixing
angle between the d and D quarks, which is responsible
for the decay of the D quark. The limits on φ can be
obtained from the current precision measurements for
the 3×3 CKM matrix elements, assuming that its 3×4
extension has the sum of the squares of the elements of
a row equal to 1. The evaluation of the present values
yield |sinφ| ≤ 0.045. Although the upper limit is used
throughout this work, the results are essentially insensi-
tive to sinφ, since the studied pair production proceeds
mostly via gluon exchange. The branching fractions for
the three possible D decay modes, D →Wu, D → Zd
and D → hd are 50%, 25% and 25% respectively for
masses above ∼ 800 GeV [9]. In this study, we consider
the pair production of D quarks and their subsequent
decay in the D → Zd channel to explore the discovery
prospects of two possible future collider scenarios.
3 Considered collider scenarios
3.1 High-Luminosity LHC
The LHC reached its design value of peak luminos-
ity 1034 cm−2s−1 in June, 2016. The High-Luminosity
Large Hadron Collider (HL-LHC) project aims to im-
prove the performance of the LHC in order to increase
the potential for discoveries after 2027. To implement
this, HL-LHC will have several cutting-edge technolo-
gies, such as, 1112 T superconducting magnets; very
compact with ultra-precise phase control superconduct-
ing cavities for beam rotation; new technology for beam
collimation; and long high-power superconducting links
3with zero energy dissipation. HL-LHC is expected to
reach the peak luminosity of 5×1034 cm−2s−1, allowing
an integrated luminosity of 250fb−1 per year. There-
fore, it gives an integrated luminosity of 3000 fb−1 in
the operation period of about a dozen years after the
upgrade. This integrated luminosity corresponds to ten
times the amount LHC is expected to collect after 12
years of operation.
To meet the challenges brought by this higher lumi-
nosity at the HL-LHC, such as higher radiation dose,
higher particle rate, higher pileup, and higher event
rate, etc, the ATLAS and CMS detectors will undergo
an extensive upgrade (i.e. the Phase 2 upgrade). The
ATLAS inner tracker (ITk) is being completely rebuilt
for Phase 2, as a result of which, the pseudorapidity cov-
erage will extend up to |η| = 4. Moreover, new front-end
electronics and a new readout system in the calorime-
ters will allow triggering higher resolution objects at
the lowest trigger level at an increased rate, and lead to
improved reconstruction. In addition, new inner barrel
chambers will be installed in the muon detector system
for increased coverage. The CMS detector will similarly
undergo major upgrades which include a replacement
of the silicon strip and pixel components in the track-
ing detector increasing the coverage up to |η| = 4. The
hadronic calorimeter will be read out by silicon pho-
tomultipliers. The endcap electromagnetic and hadron
calorimeters will be replaced with a new combined sam-
pling calorimeter that will provide highly-segmented
spatial information in both the transverse and longi-
tudinal directions, as well as high-precision timing in-
formation. The muon system will be extended with new
chambers in the forward region, bringing the coverage
up to |η| = 2.8. Additionally, both ATLAS and CMS en-
visage adding timing detectors to provide the capability
of adding timing information to reconstruction [10–16].
3.2 Future Circular Collider
The Future Circular Collider (FCC) was launched as a
world-wide international collaboration hosted at CERN
in response to the 2013 Update of the European Strat-
egy for Particle Physics (EPPSU) [17, 18]. FCC sce-
narios are studied for three different types of parti-
cle collisions, namely hadron (proton-proton and heavy
ion), electron-positron and proton-electron collisions.
The proposed energy frontier proton-proton collider,
FCC-hh, which is considered in this study, is designed
to provide protonproton collisions with a centre-of-mass
energy of 100 TeV and an integrated luminosity of
20 ab−1 for 25 years of operation. The FCC-hh col-
lider layout has two high luminosity interaction points
for general purpose detectors. The factor 7 increase in
energy over the present LHC requires a vast modifica-
tion compared to the designs of current general pur-
pose LHC detectors. The detectors for 100 TeV should
be able to measure multi-TeV jets, leptons and pho-
tons from heavy resonances with masses up to 50 TeV,
while at the same time measuring the known SM pro-
cesses with high precision, and still being sensitive to a
broad range of BSM signatures with moderate momen-
tum. In addition, future detectors will need to operate
at 1000 pileup events per bunch-crossing. The detec-
tor acceptance is targeted to increase up to |η| = 4.4
in order to improve sensitivity to vector boson fusion
processes.
4 CutLang analysis description language and
runtime interpreter
As mentioned earlier, one goal of this study is to test the
feasibility of the new “analysis description language”
approach in analysis writing and running in phenomeno-
logical studies. An analysis description language is a
domain-specific, declarative language designed to ex-
press the physics contents of an analysis in a standard
and unambiguous way. In this approach, the descrip-
tion of the analysis components is decoupled from the
software framework that run the analysis.
This study uses the language ADL [19–21], which
consists of a plain text file containing blocks with a
keyword-value structure. The blocks make clear the sep-
aration of analysis components such as object defini-
tions, variable definitions, and event selections while
the keywords specify analysis concepts and operations.
The syntax includes mathematical and logical opera-
tions, comparison and optimization operators, reducers,
four-vector algebra and common HEP-specific functions
(e.g. δφ, δR, etc.). ADL files can refer to self-contained
functions encapsulating variables with complex algo-
rithms (e.g. MT2, aplanarity, etc.) or non-analytic vari-
ables (e.g. efficiency tables, machine learning discrimi-
nators, etc.).
ADL can be used for performing an analysis by any
framework capable of interpreting and running it. Here,
we use CutLang [6, 7], a runtime interpreter, which is
able to operate directly on events without the need
for compilation. CutLang is written in C++ and is
based on ROOT [22] classes for Lorentz vector oper-
ations and histogramming. It uses automatically gen-
erated dictionaries and grammar rules based on unix
tools Lex and Yacc [23] . The typical output of an anal-
ysis in CutLang is a file containing surviving events and
histograms which can be used for statistical analysis.
Not having the necessity to write or compile code,
combined with the simple, human-readable nature of
4ADL syntax makes it a very practical construct for
quickly performing phenomenological analyses as the
one in this study.
5 Search for down-type iso-singlet quarks
5.1 Signal and background processes
The main tree level Feynman diagrams for the pair pro-
duction of D quarks at hadron colliders are presented
in Figure 1. The model Lagrangian in equation (2) was
implemented into the tree level event generator, Com-
pHEP [24,25]. The resulting pair production cross sec-
tions at generator level for HL-LHC and FCC-hh for the
gg and qq¯ channels and their sum are shown in Figure 2
as a function of D quark mass.
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Fig. 1: Tree level Feynman Diagrams for the process
pp→ DD¯
The E6 GUT model does not predict the masses of
the iso-singlet quarks. Therefore, this study scans some
plausible values for the D quark mass (up to 2500 GeV)
to estimate the experimental reach at both HL-LHC
and FCC-hh machines. The iso-singlet quarks are ex-
pected to immediately decay into SM particles due to
their large masses. In this analysis, we have considered
the decay process DD¯ → ZZdd¯, with subsequent lep-
tonic decays of both Z bosons, Z → `+`−.
The main SM background to the signal process is
pp → ZZjj production, with subsequent leptonic de-
cays of both Z bosons. The SM cross-section of pp →
ZZjj is calculated using MadGraph5 aMC@NLO [26] and
found to be 2.954 pb and 78.76 pb for HL-LHC and
FCC-hh, respectively.
500 1000 1500 2000 2500
 Quark mass (GeV)
6−10
5−10
4−10
3−10
2−10
1−10
1
10 
 
(pb
)
D
 
D
→
pp
 
σ
Cr
os
s s
ec
tio
n,
 
FCC-hh (100 TeV)
D D→pp σTotal 
D D→ qq
D D→gg 
HL-LHC (14 TeV)
D D→pp σTotal 
D D→ qq
D D→gg 
Fig. 2: pp → DD¯, qq¯ → DD¯ and gg → DD¯ cross
sections vs D quark mass for HL-LHC and FCC-hh
energies, calculated using CompHep.
The E6 model signal events with D quarks decaying
to SM particles and SM background events were gener-
ated using CompHEP and MadGraph5 aMC@NLO re-
spectively. The CompHEP setup was adjusted to im-
pose a generator level requirement of 10 GeV on the
transverse momenta of the SM d-quarks originating from
theD → Zd. Further decays and showering and hadroniza-
tion processes were simulated using Pythia6 [27]. Pythia
was set up to only allow electron and muon decays of the
Z bosons. Subsequently, the detector effects were mod-
elled with the fast detector simulation program Delphes [28]
using the configurations [29] and [30] for generic HL-
LHC and FCC-hh detectors.
5.2 Object and event reconstruction and selection
The complete object and event reconstruction and se-
lection algorithm for the analysis is given in ADL for-
mat in Table 1. This is, in fact, the exact code used to
produce the results presented in this paper.
The analysis is performed in the 4`+2j channel, and
thus uses leptons and jets. Both for HL-LHC and FCC-
hh cases, leptons considered are electrons and muons,
which are both required to have transverse momentum
pT > 20 GeV and pseudorapidity |η| < 4. Jets are re-
constructed with the anti-kT algorithm with a radius
of R = 0.5, and are required to have pT > 50 GeV
(which is higher than generator level requirement) and
5|η| < 4. Increased pseudorapidity acceptance at the HL-
LHC and FCC-hh detectors compared to LHC will pro-
vide an increased sensitivity for the analysis. Events are
required to have at least 4 leptons and at least 2 jets as
defined above.
5.2.1 Leptonic Z boson reconstruction
The two Z boson candidates from the D decay are re-
constructed from the selected leptons. For an efficient Z
boson reconstruction, we consider the following criteria:
1. Mass of the reconstructed Z boson candidate should
be as close as possible to 91.2 GeV,
2. the Z boson candidate should be flavour and charge
neutral (i.e, reconstructed from a e+e− or a µ+µ−
pair)
Leptons are paired to reconstruct both Z bosons
simultaneously in the χ2 expression below, which both
selects the dilepton combinations with masses as close
as possible to the measured Z mass of 91.2 GeV and
ensures the same flavor requirement on dileptons in a
candidate:
χ2ZZ ≡ (mZ1 − 91.2)2 + (mZ2 − 91.2)2
+ (999× PdgID [Z1])2 + (999× PdgID [Z2])2 .
More information on technical implementation of Z re-
construction and the χ2ZZ in ADL and CutLang is given
in Appendix A. The reconstructed Z candidates are ad-
ditionally required to have a total electric charge of 0.
Mass distributions of both Z candidates reconstructed
from e+e− and µ+µ− pairs are shown in Figure 3 for
different D quark masses for HL-LHC and FCC-hh.
5.2.2 D quark reconstruction
Each D quark candidate (D1 and D2) is reconstructed
from a Z boson candidate and a jet. Once again, the re-
construction is based on a χ2 optimization which takes
into account the following conditions:
1. D quark mass is presumed unknown. However, masses
of the two reconstructed D quark candidates should
be as close as possible to each other. We express this
condition as:
χ2mD ≡ ((mD1 −mD2)/mD)2 , (3)
where mD1 and mD2 are the invariant masses of the
two D quark candidates and mD = (mD1 +mD2)/2.
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Fig. 3: Invariant mass distribution for both recon-
structed Z boson candidates for HL-LHC (top) and
FCC-hh (bottom) conditions. Candidates are recon-
structed from both e+e− and µ+µ− pairs.
2. Transverse momentum of the jets directly originat-
ing from the D quark decay is expected to be high.
To ensure selecting jets with high momentum, we
use the Heavyside step function with a weight fac-
tor:
χ2pT,j ≡ H(pcutT,j − pT,j1)× ((pcutT,j/pT,j1)− 1.0)
+ H(pcutT,j − pT,j2)× ((pcutT,j/pT,j2)− 1.0) (4)
where pT,j1 and pT,j2 are the transverse momenta of
the jets and pcutT,j is the selection threshold to be ap-
plied to the jet transverse momenta. To determine
the optimal value for this threshold which would ob-
tain the best signal-background separation, we show
the pT distributions of the candidate jets in Figure 4
for signals with different mD and the background at
HL-LHC and FCC-hh. The jets are selected by min-
imizing the condition defined in Eq. 3. Due to its
much higher center-of-mass energy, FCC-hh yields
a much harder jet pT spectrum. Based on these dis-
tributions, we select pcutT,j = 300 and 500 GeV as
thresholds for HL-LHC and FCC-hh respectively.
60 200 400 600 800 1000
 (GeV)
2
T, j ,  p
1
T, j p
1
10
210
310
Ev
en
ts
 / 
50
 G
eV SM ZZjj
 = 0.6 TeVD, mDD
 = 0.8 TeVD, mDD
 = 1.0 TeVD, mDD
 (14 TeV)-13 abHL-LHC
0 500 1000 1500 2000 2500 3000
 (GeV)
2
T, j ,  p
1
T, j p
1
10
210
310
410
510
610
Ev
en
ts
 / 
50
 G
eV SM ZZjj
 = 0.8 TeVD, mDD
 = 1.6 TeVD, mDD
 = 2.5 TeVD, mDD
 (100 TeV)-120 abFCC-hh
Fig. 4: Transverse momentum distribution for both jets
used in D quark reconstruction for HL-LHC (top) and
FCC-hh (bottom) conditions. The jets are selected by
minimizing the condition defined in Eq. 3.
3. Angular separation between the two D quarks,
dRDD =
√
(ηD1 − ηD2)2 + (φD1 − φD2)2 , (5)
should reflect that the D quarks are centrally pro-
duced, with negligible Lorentz boost. The most char-
acteristic configuration would correspond toD quarks
having |η| ' 0 and being back-to-back on the trans-
verse plane, which gives δφ ' pi, where δφ represents
the φ difference of the two particles. As a result,
dR is expected to be dominated by δφ and peak
around 3.14. This can be seen in Figure 5, which
shows the dR distributions for signals and the back-
ground for HL-LHC and FCC-hh, after applying a
minimization based on Eq 3. Both signals and the
background peak around 3.14, but the backgrounds
display a wider distribution. Based on this informa-
tion, we define a variable that can be minimized to
zero:
χ2dRDD ≡ (dRDD/3.14− 1.0)2. (6)
We then combine the three conditions in Eqs 3, 4
and 6 to obtain a χ2 and select the D candidates by
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two reconstructed D quark candidates D1 and D2 for
HL-LHC (top) and FCC-hh (bottom) conditions. The
jets are selected by minimizing the condition defined in
Eq. 3.
running a minimization based on the sum:
χ2DD ≡ χ2mD + χ2pT,j + χ2dRDD ' 0 . (7)
5.2.3 Final selection on χ2DD
Figure 6 shows the distribution of χ2DD values obtained
after minimization for HL-LHC (top) and FCC-hh (bot-
tom) conditions for signals with different mD and back-
ground. As expected, the signals exhibit a distribution
much closer to zero compared to the background. A se-
lection of χ2DD < 0.5 was applied to further reduce the
SM contamination. The threshold value was chosen to
ensure a high signal significance.
5.3 Results
The percentage selection efficiencies for signal and back-
ground events for the event selection criteria described
above are given in Tables 2 and 3 for HL-LHC and FCC-
hh. Overall signal selection efficiency is seen to increase
as D mass increases.
7Table 1: Analysis description using the ADL/CutLang syntax. This description can be directly processed with
CutLang over events.
1 ## Object definitions
2 object goodJet
3 take JET
4 select Pt(JET) > 50
5 select abs(Eta(JET) < 4
6 object goodEle
7 take ELE
8 select Pt(ELE) > 20
9 select abs(Eta(ELE)) < 4
10 object goodMuo
11 take MUO
12 select Pt(MUO) > 20
13 select abs(Eta(MUO)) < 4
14 object goodLep : Union (goodEle,goodMuo)
15
16 ## Reconstructed particles
17 define Zreco1 = goodLep[-1] goodLep[-1]
18 define Zreco2 = goodLep[-3] goodLep[-3]
19 define dj1 = goodJet[-2]
20 define dj2 = goodJet[-4]
21 define Dreco1 = Zreco1 dj1
22 define Dreco2 = Zreco2 dj2
23
24 ## Event variables
25 define PTj1 = Pt(dj1)
26 define PTj2 = Pt(dj2)
27 define mZ1 = m(Zreco1)
28 define mZ2 = m(Zreco2)
29 define mD1 = m(Dreco1)
30 define mD2 = m(Dreco2)
31 define mD = ( mD1 + mD2 ) / 2
32 define dRDD = dR( Dreco1 , Dreco2 )
33
34 # define PTjcut = 300 # for HL-LHC
35 define PTjcut = 500 # for FCC-hh
36 define chi2DDcut = 0.5
37
38 ## Chi2 variable definitions
39 define chi2ZZ = (mZ1 - 91.2)^2 + (mZ2 - 91.2)^2 + (999*pdgID(Zreco1))^2 + (999*pdgID(Zreco2))^2
40 define chi2mD = ((mD1 - mD2)/mD)^2
41 define chi2PTj = Hstep(PTjcut -PTj1)*(PTjcut/PTj1 - 1.0) + Hstep(PTjcut - PTj2)*(PTjcut/PTj2 - 1.0)
42 define chidRDD = (dRDD/3.14 - 1.0)^2
43 define chi2DD = chimD + chiPTj + chidRDD
44
45 ## Event selection
46 region DDselection
47 select ALL
48 select Size(goodEle) >= 0
49 select Size(goodMuo) >= 0
50 select Size(goodLep) >= 4
51 select chi2ZZ ~= 0
52 ## chi^2 optimization for Z reconstruction
53 select q(Zreco1) == 0 # Z is neutral
54 select q(Zreco2) == 0 # Z is neutral
55 histo hmZ1, "Z candidate1 mass (GeV)", 320, 0.0, 3200.0, mZ1
56 histo hmZ2, "Z candidate2 mass (GeV)", 320, 0.0, 3200.0, mZ2 # mZ1 & mZ2 histogram plotting (fig. 3)
57 select Size ( goodJet ) >= 2
58 select chi2DD ~= 0
59 ## chi^2 optimization for D reconstruction
60 histo hchi2DD, "chi2DD ", 200, 0.0, 10.0, chi2DD # chi2DD histogram plotting (fig. 6)
61 select chi2DD < chi2DDcut
62 histo hmD, "D candidate mass (GeV)", 320, 0.0, 3200.0, mD # mD histogram plotting (fig. 7 & 8)
8Table 2: Percentage selection efficiencies for various signals and background for the HL-LHC selection.
Cumulative
Selection criteria
Selected events (% of Total)
Background
Signal
600 GeV 800 GeV 1000 GeV
ALL 100 100 100 100
Size(goodLep) >= 4 19.8 26.7 28.1 30.0
chi2ZZ ~= 0 19.8 26.7 28.1 30.0
{Zreco1}q == 0 19.8 26.7 28.1 30.0
{Zreco2}q == 0 19.8 26.7 28.1 30.0
Size(goodJet) >= 2 4.62 25.0 26.9 29.3
chi2DD ~= 0 4.62 25.0 26.9 29.3
chi2DD < chi2DDcut 0.156 8.18 15.2 22.5
Table 3: Percentage selection efficiencies for various signals and background for the FCC-hh selection.
Cumulative
Selection criteria
Selected events (% of Total)
Background
Signal
800 GeV 1600 GeV 2500 GeV
ALL 100 100 100 100
Size(goodLep) >= 4 26.5 42.2 48.6 51.6
chi2ZZ ~= 0 26.5 42.2 48.6 51.6
{Zreco1}q == 0 26.5 42.2 48.6 51.6
{Zreco2}q == 0 26.5 42.2 48.6 51.6
Size ( goodJet ) >= 2 11.5 41.0 48.1 51.3
chi2DD ~= 0 11.5 41.0 48.1 51.3
chi2DD < chi2DDcut 0.233 11.2 36.2 46.0
0 1 2 3 4 5 6
 
DD
2χ 
1
10
210
 
Ev
en
ts
 / 
0.
05 SM ZZjj
 = 0.6 TeVD, mDD
 = 0.8 TeVD, mDD
 = 1.0 TeVD, mDD
 (14 TeV)-13 abHL-LHC
0 1 2 3 4 5 6 7
 
DD
2χ 
1
10
210
310
410
510
Ev
en
ts
 / 
0.
05 SM ZZjj
 = 0.8 TeVD, mDD
 = 1.6 TeVD, mDD
 = 2.5 TeVD, mDD
 (100 TeV)-120 abFCC-hh
Fig. 6: Distribution of χ2DD values obtained after mini-
mization for HL-LHC (top) and FCC-hh (bottom) con-
ditions.
The distribution of the average reconstructedD quark
invariant mass (mD1 +mD2)/2 in the signal and back-
ground events that remain after selection are shown in
Figures 7 and 8 for different generated D quark masses
for HL-LHC and FCC-hh, respectively. Signal events
are seen to peak visibly over the falling background
distributions. The signal and background distributions
can be modelled with a Gaussian function and a Crystal
Ball function, respectively. In order to estimate the sig-
nal and background yields from the total distribution,
we perform a fit to the sum of the Crystal Ball and
Gaussian functions. The initial fit parameters for the
Crystal Ball and Gaussian functions were determined
by performing independent fits to the signal and back-
ground distributions. The resulting fits are also shown
in the same figures. The fit results are then used for es-
timating the final signal and background yields denoted
as S and B. These are obtained by integrating the fitted
Gaussian and Crystal Ball functions in a range defined
by two standard deviations mass window around the
Gaussian mean. The obtained values for each D quark
mass are then used for calculating the signal significance
σDD defined as:
σDD ≡
√
2×
[
(S +B) ln
(
1 +
S
B
)
− S
]
. (8)
The yields S and B along with the significance obtained
for each simulated mass point are shown in Tables 4
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Fig. 7: Distribution of average reconstructed D quark
invariant mass (mD1 +mD2)/2 for HL-LHC conditions
for background and signals with mD = 600 GeV (top),
800 GeV (middle) and 1000 GeV (bottom). Results of
the fit to the sum of a Gaussian and Crystal Ball func-
tions are also shown.
and 5 for HL-LHC and FCC-hh, respectively. Signal
significance values are also shown in Figure 9, plotted
against the D quark mass. A linear function is fitted
to the plot to estimate the dependence of significance
on D quark mass. The D quark mass values, for which
it would be possible to make an observation (3σ) or
a discovery (5σ), are then calculated from the linear
function obtained from the fit, and are shown in Ta-
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Fig. 8: Distribution of average reconstructed D quark
invariant mass (mD1 + mD2)/2 for FCC-hh conditions
for background and signals with mD = 600 GeV (top),
800 GeV (middle) and 1000 GeV (bottom). Results of
the fit to the sum of a Gaussian and Crystal Ball func-
tions are also shown.
ble 6 for HL-LHC and FCC-hh. Finally, the integrated
luminosities required for 3σ observation and 5σ discov-
ery at HL-LHC and FCC-hh are plotted versus D quark
mass in Figure 10.
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Table 4: Signal and background yields and significance
for different D quark masses at HL-LHC.
D quark mass S B σ
600 GeV 32 16 6.5
800 GeV 15 8 4.2
1000 GeV 5 4 2.2
Table 5: Signal and background yields and significance
for different D quark masses at FCC-hh.
D quark mass S B σ
800 GeV 3093 1930 59
1600 GeV 539 749 18
2500 GeV 72 302 4.0
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Fig. 9: Signal significance as a function of D quark mass
for HL-LHC and FCC-hh.
Table 6: Upper limit on D quark masses for 3σ obser-
vation and 5σ discovery for HL-LHC and FCC-hh.
Experiment 3σ observation 5σ discovery
HL-LHC 910 GeV 710 GeV
FCC-hh 2770 GeV 2430 GeV
6 Conclusions
In this paper, we studied the feasibility of discovering
pair-produced down type iso-singlet quarks D at the
High Luminosity LHC and the hadronic scenario for
the Future Circular Collider. The search was designed
in the 4`+ 2j channel, targeting the D → Zd→ `+`−d
decay mode, which is not accessible at the LHC. Despite
its relative low sensitivity, this channel is expected to
provide the most precise reconstruction of the D quark
mass.
The analysis consisted of a basic event selection
followed by a two-step reconstruction of the D quark
masses, where the Z bosons were reconstructed in the
first step. A χ2 optimization was used for finding the
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Fig. 10: The integrated luminosity needed for 3σ obser-
vation and 5σ discovery as a function of D quark mass
for HL-LHC (top) and FCC-hh (bottom).
combination giving the best D quark candidates. A fur-
ther selection was applied on the χ2 to discriminate
signal events from the background. Finally, a fit was
performed on the average D quark invariant mass dis-
tribution to obtain event yields and sensitivity.
The study showed that the 5σ discovery reach for
D quark mass at HL-LHC is possible, and is around
710 GeV for the full run period, while FCC-hh can
reach up to 2430 GeV, considering only the 4` + 2j
decay channel. It also demonstrated that FCC-hh re-
quires about two orders of magnitude less integrated
luminosity than HL-LHC for discovering D quarks at
a given mass. Therefore searches for E6 GUT models
using 4`+ 2j channel would benefit from FCC-hh.
As a side note, this study showed an example of how
extensively the analysis description language (ADL) con-
cept and its runtime interpreter implementation, Cut-
Lang, can be used to benefit particle physics analy-
ses. This approach allows performing the analysis algo-
rithm steps (e.g. object definitions, object reconstruc-
tions, histogramming) in an easy and descriptive way.
Acknowledgements : SS is supported by the National Re-
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A Appendix: Explanation of the ADL
implementation
We provide details on the ADL/CutLang implementa-
tion of the analysis in this paper, in particular with the
aim to clarify the implementation of composite object
reconstruction and optimization.
A.1 Object selection
Electron, muon and jet selection based on object prop-
erties, e.g. transverse momentum and pseudorapidity,
is expressed as :
object goodJet
take JET
select Pt(JET) > 50
select abs(Eta(JET)) < 4
object goodEle
take ELE
select Pt(ELE) > 20
select abs(Eta(ELE)) < 4
object goodMuo
take MUO
select Pt(MUO) > 20
select abs(Eta(MUO)) < 4
where JET, ELE, MUO are the original objects from the
input event files and goodJet, goodEle and goodMuo
are the derived objects.
Selected electrons and muons can be combined to
define the unified set of leptons as
object goodLep : Union (goodEle, goodMuo)
A.2 Definitions
ADL allows to define aliases for event variables or recon-
structed particles through the usage of the define key-
word. Shorthand notations for reconstructed Z bosons
and D quarks, optimization criteria and selection vari-
ables are given in this section of the ADL file.
A.3 Event selection
Event selections in ADL are described within region
blocks defined for each selection region. This analysis
has a single search channel, which is described in the
DDselection region block, which starts by selecting the
analysis final state of 4`+ 2j as:
region DDselection
select Size(goodLep) >= 4
select Size(goodJet) >= 2
Subsequent optimization and selection requirements are
also given in this region as described below.
A.4 Z and D reconstruction
In this analysis, the particles for reconstructing Z and
D must be combined such that the resulting Z and D
would best satisfy the criteria defined by an optimiza-
tion rule. Therefore the indices of the particles com-
bined are not known before the optimization, and are
only determined after the optimization. In CutLang,
negative numbers are used for specifying such indices
of particles that would be combined through a χ2 opti-
mization. Following this approach, Z reconstruction is
written as
define Zreco1 = goodLep[-1] goodLep[-1]
define Zreco2 = goodLep[-3] goodLep[-3]
Here the lepton indices are to be determined at run
time for each event according to an optimization rule,
yet to be defined. The repeated indices stress that in
combining two leptons to reconstruct a Z boson, the
order is unimportant. The chi2ZZ variable to be min-
imized in order to reconstruct the two Z candidates is
defined as
define chi2ZZ = (mZ1 - 91.2)^2
+ (mZ2 - 91.2)^2
+ (999*{Zreco1}pdgID)^2
+ (999*{Zreco2}pdgID)^2
Given a variable x with an optimal value v, the op-
erator ~= is used to calculate the particle combination
that gives an x value closest to v. The optimization
criteria chi2ZZ is finally called after the initial event
selection, with the syntax
select chi2ZZ ~= 0
Note that, CutLang takes the PDG ID of a recon-
structed object to be the sum of the PDG ID of its
constituent objects. As the constituents of Zreco must
be a lepton-antilepton pair, pdgID of the Zreco itself
has to be zero. Here, 999 is a high enough weight factor
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to ensure flavour neutrality of the Z boson candidates.
A further requirement of Z boson charge to be 0 is also
applied as:
select q(Zreco1) == 0
select q(Zreco2) == 0
Next, D quark candidates are reconstructed using
the previously obtained Z bosons and jets. As in the
case for Z bosons, the indices of the optimal jets cannot
be known, therefore, are written as negative indices.
define dj1 = goodJet[-2]
define dj2 = goodJet[-4]
define Dreco1 = Zreco1 dj1
define Dreco2 = Zreco2 dj2
All these expressions are then used for defining terms
in the optimization condition for D reconstruction:
define chi2mD = ((mD1 - mD2)/mD)^2
define chi2PTj
= Hstep(PTjcut -PTj1)*(PTjcut/PTj1 - 1.0)
+ Hstep(PTjcut - PTj2)*(PTjcut/PTj2 - 1.0)
define chidRDD = (dRDD/3.14 - 1.0)^2
These terms are added to obtain χ2DD
define chi2DD = chimD + chiPTj + chidRDD
Finally, a selection criteria is applied on χ2DD in the
DDselection region as:
select chi2DD < chi2DDcut
A.5 Histogramming
CutLang is designed to be a complete tool for event
processing and visualization tasks in an analysis, and
therefore allows to define and fill histograms at runtime.
The CutLang syntax to plot 1D histograms of a variable
is given below :
histo [label], "[title]", [no. of bins],
[lower limit], [upper limit], [variable]
Following are the definitions of histograms which were
eventually plotted in Figures 3, 6, 7 and 8:
histo hmZ1, "Z candidate1 mass (GeV)", 320,
0, 3200, mZ1
histo hmZ2, "Z candidate2 mass (GeV)", 320,
0, 3200, mZ2
histo hchi2DD, "chi2DD ", 200, 0, 10, chi2DD
histo hmD, "D candidate mass (GeV)", 320,
0, 3200, mD
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